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Executive Summary 
 
The objective of this MQP was to complete the design, assembly, and test of a dusty 
plasma discharge chamber (DPDC) that would  be used to 1) evaluate the effect of dust 
contamination on fundamental plasma properties and 2) evaluate the effect of the plasma on dust 
charge. The plasma properties include the electron temperature and density as well as the plasma 
potential. The charge acquired by the dust particles as a result of their passage through the 
plasma environment could also be evaluated. 
An MQP conducted during the 2007-2008 academic year completed much of the design 
and construction of the major discharge chamber components. However, as with any complex 
mechanical system, much testing and tuning of the design was necessary before all components 
could be made to work together seamlessly. This was the focus of this MQP. Three subsystems 
in particular required significant adjustments. 
The dust dispenser subsystem, designed to inject alumina particles into the plasma 
environment, required major changes from the original design. Testing revealed that the attempt 
to use an offset-mass vibrator motor, much like those found in cellular telephones, dispensed 
dust in a fashion that was neither consistent nor proportional to the applied motor voltage. 
Consequently, it would be impossible to have reasonably accurate knowledge of the mass flow 
rate entering the chamber. This design was replaced by one that used a solenoid controlled by a 
power transistor and signal generator to produce a linear motion. The signal generator permits 
accurate adjustment to the frequency of oscillation and thus the mass flow rate. This redesign 
significantly improved the performance of the dust dispenser. 
ii 
 
The Langmuir probe positioning system, designed to move one of the two instruments 
into and out of the discharge chamber, also required design improvements. The original design 
used a sliding block of aluminum that simply rested on the rails used to support the chamber and 
its associated hardware. This design was found to be unnecessarily prone to binding in these 
tracks. Improvements included the use of a sliding block with notched ends milled to fit more 
precisely in the support rails. 
Finally, testing of the discharge chamber in the WPI’s Vacuum Test Facility (VTF) 
revealed inconsistent results using the existing chamber design. To improve the ability of the 
discharge chamber to start and sustain a plasma discharge, changes to the internal configuration 
of the magnetic field and cathode were made. Both the upper and lower sets of magnets were 
positioned behind steel rings to shield the magnets from potentially harmful electron 
impingement. The upper magnet ring was also set at ground potential to encourage travel of the 
electrons through the main volume of the discharge chamber. The filament was similarly 
shielded both to protect it and to prevent its light from obscuring any glow from a plasma 
discharge. 
The result of this MQP is a discharge chamber and instruments that are nearly ready for 
full-scale vacuum testing. The chamber itself has a demonstrated ability to sustain a plasma 
discharge, and extensive testing has been completed on the majority of the remaining 
components. This experimental hardware will be a valuable addition to future undergraduate and 
graduate research at WPI. 
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1. Introduction 
 
Plasma physics is a growing area of research within the scientific community and within 
aerospace disciplines due to its expanding importance in modern industrial and spacecraft 
designs. It has applications in materials processing, fusion research, combustion research, and 
spacecraft propulsion.  A plasma consists of a collection of charged particles, including ions and 
electrons, which exhibits two important properties. The first is quasineutrality, a condition which 
results in the plasma being macroscopically neutral. This occurs because localized electric fields 
are shielded within the plasma over short distances. The second property is collective behavior, 
meaning that particles can influence the behavior of each other across space, without requiring 
physical collisions to occur. This is fundamentally different from the ideal gas model for a 
neutral gas, in which collisions between rigid spheres are assumed for one particle to exert a 
force on another [1]. Plasmas are able to interact via forces from electric fields that do not 
require direct contact. Plasmas are not a state of matter with which one customarily interacts in 
significant quantities. Charged particles may be found in small quantities during combustion and 
in rocket exhaust. More significant concentrations of charged particles are found in fusion 
reactions, such as in the sun, and in spacecraft propulsion systems utilizing ion thrusters. On 
Earth, plasmas make up portions of the atmosphere, in gas discharge lamps, and in industrial 
equipment such as welding arcs. 
In any practical application of plasmas, contamination from dust particles is inevitable. 
Consequently, it is important to understand how these particles affect fundamental plasma 
properties, such as species temperature, ion density, and electron density. As part of a Major 
Qualifying Project in 2007 - 2008, a team at WPI constructed a dusty plasma discharge chamber 
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(DPDC) to be used in studying the effects of dust particle contamination on plasmas. The 
discharge chamber permits a plasma composed of argon ions to be generated and dust to be 
introduced at a controlled rate. Two instruments, a Langmuir probe and a charge detection mass 
spectrometer (CDMS), can be used to investigate properties of the plasma created in the 
discharge chamber. Using both of these instruments, the basic properties of the plasma and the 
dust particles can be discerned. This first MQP group had insufficient time to complete the entire 
test apparatus and was unable to test the chamber because of problems with the vacuum chamber 
in which the DPDC was to be tested. 
The primary goals of this MQP were to complete the discharge chamber, the dust 
dispensing system, and the Langmuir probe positioning system and to gather data both for a 
nearly dust-free plasma and for a plasma with dust contamination. The largest remaining task 
from last year’s MQP group was to design and fabricate a system for positioning a Langmuir 
probe in the vacuum chamber using a stepper motor. 
It is hoped that the completion of this experiment yields useful data in characterizing the 
plasma environment in the presence of dust particle contamination and produces a discharge 
chamber that will have further uses applicable to plasma research. Furthermore, the design for an 
electrospray device that can be used to obtain similar data for liquid droplets in a plasma 
environment should lay the groundwork for future enhancements of the test hardware. 
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2. Background 
2.1 Plasma Physics 
 
A plasma is a collection of neutral and charged particles that still maintains an overall 
neutral charge and exhibits collective behavior. While all gases can experience a certain level of 
ionization, not all gases are plasmas. The difference is that in an ordinary (i.e. room temperature) 
gas, the ionization is very low and because of this interactions are dominated by collisions with 
neutral species. In plasmas, all of the electrons and charged particles are free to move around and 
interact as individual particles. This can create regions of positively or negatively charged 
particles while still maintaining no net charge, resulting in the plasma having quasineutrality.  
The quasineutrality condition states that [2]: 
𝑛𝑒0 = 𝑍𝑖𝑛𝑖0 
where 𝑛𝑒0 is the number density of electrons, 𝑍𝑖 is the charge state of the ions, and 𝑛𝑖0 is the 
number density of ions in the plasma [2]. 
The collective behavior of a plasma means that the motion of the particles depends on 
both the local conditions like electric charge density and on any externally applied fields that 
affect the motion of the plasma as a whole. 
2.1.1. Debye Shielding 
 
Plasmas induce a shielding of the electric fields of individually charged particles or of 
surfaces held at some non-zero potential.  When external potentials are applied to a physical 
surface immersed in a plasma (such as a probe), the plasma reacts by forming a cloud of 
oppositely charged particles that shields the electric field near the surface.  For example, if a 
Equation 1 
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sphere were placed in plasma and given an external positive charge, the positive charge would 
attract free electrons in the plasma. The electrons would surround the positively charged ball, 
thus shielding the electric field created by the ball. The opposite would happen if the sphere were 
given a negative charge. This can be seen in Figure 1 below. 
  
Figure 1: Externally Charged Spheres in Plasma 
Ref [1] © 1984 Plenum Press. All Rights Reserved. 
The cloud of charged particles that shields the field is commonly referred to as a sheath, 
and represents a region of non-charge neutrality in which electric fields are non-zero. The 
distance or radius from the site of the shielded particle or surface to the opposite edge of the 
sheath is described in terms of a characteristic length known as the Debye Length (ƛ De ).  The 
length is given by [2]: 
ƛ De =  
ε0KTe
nee
 
1/2
  [2] 
where ε0 is the permittivity of free space (ε0 = 8.85418 × 10
−12 C
2
Nm2
), K is the Boltzmann 
Constant (K= 1.3806504×10
−23 𝐽
𝐾
), e is the elementary charge (𝑒 = 1.6022 × 10−19C) ,Te is  the 
Equation 2 
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electron temperature, ne  is the electron density in (number/cubic meter).  A sheath can be tens of 
Debye lengths thick. 
For a contained plasma, local density variations can occur on a length scale that is 
significantly less than that of the container. Therefore, to have a plasma (as defined by 
quasineutrality) the density must be high enough such that the Debye Length is significantly less 
than the dimensions of the system. This leaves the bulk of the plasma free of large electric 
potentials, resulting in overall neutrality.  Thus, a criterion for having a plasma is ƛ De << L, 
where L is the length of the container. If this condition were not satisfied, one would have a 
container of interacting charged particles, but it would not exhibit charge neutrality and hence 
not be considered a plasma as defined here. 
A second plasma criterion is that the number of particles in a sphere with a characteristic 
radius equal to the Debye length has to be much larger than one. The number of particles is 
dependent upon the Debye length and the volume in which properties are being measured. The 
number of particles in a Debye sphere is [1]: 
𝑁𝑑 = 𝑛
4
3
πƛ De
3  [1] 
where 𝑁𝑑  is the number of particles, n is the number density of particles. 
2.1.2 Plasma Temperatures 
 
Unlike the three familiar states of matter, it is common for plasmas to have several 
different temperatures concurrently. Gas temperatures are a measure of the average speeds of the 
particles in the gas, and by extension the average kinetic energy of the gas.  The average kinetic 
energy of a gas is [1]: 
Equation 3 
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𝐸𝑎𝑣 =
3
2
𝐾𝑇 [1] 
where K is the Boltzmann Constant, and T is the temperature. Since ions and electrons exist as 
independent species in plasmas, they can have different average velocities, creating different 
temperatures.   
2.2 Dusty Plasmas 
 
Dusty Plasmas are plasmas that contain charged particulates. They are found naturally in 
places like comets, planetary rings, and the Earth’s atmosphere.  They are created artificially in 
laboratories, rocket exhausts, thermonuclear fireballs, and in manufacturing processes. While the 
dust grains in natural plasmas and artificial plasmas vary in size, the dust particles deliberately 
introduced in laboratory study are typically chosen to have specific dimensions or properties.  
The grain size can range from nanometers to millimeters and can be metallic or nonconducting.  
There are two classifications of plasmas with dust. The first is “dust in a plasma” and the 
second is “a dusty plasma.” The difference is based on their compositions and is dependent on 
the dust grain radius (𝑟𝑑), average intergrain distance (a), and the plasma Debye Radius (ƛ D). 
Dust in a plasma corresponds to the condition where 𝑟𝑑<<ƛ D<a, while a dusty plasma has the 
condition 𝑟𝑑<<a< ƛ D . Dusty plasmas, like standard plasmas, have overall net neutrality [2]. 
2.2.1 Dusty Plasma Debye Radius 
 
The Debye Radius in dusty plasmas is different from that in standard plasma. The ions 
and the electrons, instead of only the electrons, now affect the radius. The equation for Debye 
Radius is now given by [2]: 
Equation 4 
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ƛ D =
ƛ De ƛ Di
 (ƛ De
2 +ƛ Di )
2
 [2] 
ƛ De =  
ε0 KTe
ne e
 
1/2
 [2] 
ƛ Di =  
ε0 KTi
n i e
 
1/2
 [2] 
The variables are all defined the same as for standard plasmas, with the addition of ni  and 
Ti. To evaluate the Debye length in a dusty plasma, it is necessary to know the values of ni  and 
ne  values. In many situations (equilibrium), the electron and ion densities obey the Boltzmann 
distribution and thus are given by:  
𝑛𝑒 = 𝑛𝑒0exp(
𝑒Φ𝑠
𝐾𝑇𝑒
) [2] 
𝑛𝑖 = 𝑛𝑖0exp(−
𝑒Φ𝑠
𝐾𝑇𝑖
) [2] 
Φ𝑠 = Φ𝑠0exp(−
𝑟
ƛ D
) [2] 
where 𝑛𝑒0 and 𝑛𝑖0 are the electron and ion number densities far away from the plasma “cloud,” r 
is the radius measured from the center of the cloud at the electrode surface, and Φ𝑠  is the local 
electric potential of the plasma. Φ𝑠0 is the potential at the center of the cloud formed around an 
electrode surface. The potential Φ𝑠  declines very quickly as the center of the cloud is 
approached. Therefore: 
Equation 5 
 
Equation 6 
 
Equation 7 
 
Equation 8 
 
Equation 9 
 
Equation 10 
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lim𝑟→0 Φ𝑠 = lim𝑟→0 Φ𝑠0 exp  −
𝑟
ƛ D
 = Φ𝑠0 [2] 
This means that the number densities (𝑛𝑒  and 𝑛𝑖 ) are functions of the applied voltage. 
This is expected because, as the applied voltage is increased, the number of oppositely charged 
particles also increases accordingly to negate the applied charge.   
2.2.2 Characteristic Differences between Plasmas and Dusty Plasmas 
 
Along with the differences in Debye Radii for standard plasmas and dusty plasmas, there 
are other key differences, such as crystallization and quasineutrality changes.  The Table below 
[2] lists some of the differences. 
 
Table 1: Differences between standard and dusty plasmas 
Ref [2] © 2001 Institute of Physics Publishing. All Rights Reserved. 
 
2.2.3 Characteristic Frequencies 
 
When a plasma is disturbed from equilibrium, it will react with a series of collective 
motions to restore mechanical equilibrium among the distributed charged particles.  These 
Equation 11 
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motions have a natural frequency of oscillation that is known as the characteristic frequency.  
The frequency is different for ions, electrons and dust particles. Thus, the total characteristic 
frequency is a summation of the frequencies of its components. These frequencies can be 
calculated using the following set of relations [2]: 
𝜔𝑝𝑠 =  
4𝜋𝑛𝑠0𝑒2
𝑚𝑠
 [2] 
𝜔𝑝𝑑 =  
4𝜋𝑛𝑑0𝑍𝑑
2𝑒2
𝑚𝑑
 [2] 
 For standard plasmas:  𝜔𝑝
2 =  𝜔𝑝𝑠
2
𝑠 = 𝜔𝑝𝑖
2 +𝜔𝑝𝑒
2  [2] 
For dusty plasmas:  𝜔𝑝
2 =  𝜔𝑝𝑠
2
𝑠 = 𝜔𝑝𝑖
2 +𝜔𝑝𝑒
2 +𝜔𝑝𝑑
2  [2] 
 
where 𝜔𝑝  is the characteristic frequency, and 𝜔𝑝𝑠  is the characteristic frequency of the particular 
particles in the plasma (s is  i for ion, e for electron). This equation applies for both standard 
plasmas and dusty plasmas.   
2.2.4 Coulomb Coupling Parameter & Crystallization 
 
The Coulomb coupling parameter (𝛤𝑐) characterizes the possibility of dust crystallization 
in a plasma. It is defined as the dimensionless ratio of dust potential energy to dust thermal 
energy. The parameter is calculated using the following: 
Equation 12 
 
Equation 14 
Equation 13 
Equation 13 
 
Equation 15 
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𝛤𝑐 =
𝜀𝑐
𝐾𝑇𝑑
=
𝑍𝑑
2𝑒2
𝑎𝐾𝑇𝑑
exp⁡(−
𝑎
ƛ D
) [2] 
where 𝜀𝑐  is the potential energy, and 𝑎 is the distance between two equally charged dust grains. 
Dusty plasmas will have a tendency to crystallize when 𝛤𝑐  reaches a few hundred. When the 
coupling parameter is this high, the plasma will have a tendency to organize itself from a 
disordered gas phase to a condensed phase in which the crystals will form [2]. 
 
2.3 Instrumentation 
2.3.1 Diagnostics 
 
There are two main methods of measurement used to characterize the test parameters in 
this project. The first is the use of an electrostatic or Langmuir probe to measure the plasma 
density and temperature. The second is the use of a charge detection mass spectrometer (CDMS) 
to measure the charge on the dust particles which pass through the plasma. 
2.3.1.1 Langmuir Probe 
 
The Langmuir probe was developed by Nobel Prize winner Irving Langmuir [3] in 1924 
to measure electron temperature, electric potential, electron density, and ion density. This is 
accomplished by applying a bias voltage to a wire that is insulated everywhere but the tip, and 
measuring the current flow. Although plasma properties may be measured using instruments 
with multiple probes (Langmuir double, triple, or quadruple probes), for this work only a single 
probe we will be used to avoid unnecessary complexities [4]. Using theory from plasma physics, 
the plasma density can be determined from the current measurements over a range of voltages 
from this single probe.  
Equation 16 
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𝐼𝑖𝑠 = 2𝑒𝑛𝑠𝑎𝑑  
2𝑒 Φ𝑃−𝑉𝐵  
𝑚
  
where Iis is the ion saturation current which is to say regardless of further voltage change the 
probe will not increase in current, 𝑒 is the charge of an electron, ns is the unknown plasma 
density, a is the length of the probe, d is the diameter, m is the electron mass, and  Φ𝑃 − 𝑉𝐵   is 
the potential difference between the plasma and that applied to the probe [5]. 
By sweeping the voltage and measuring the ion saturation current, the previous equation 
can be used to determine the plasma density ns. The electron saturation current Ies and ion 
saturation current Iis as well as the plasma potential Vp and floating potential Vf of the plasma are 
shown on an idealized plot of current versus voltage in Figure 2 [5].  
 
Figure 2: Typical Current vs. Voltage Plot for Langmuir Probe 
Ref [5] © 2008 Worcester Polytechnic Institute. All Rights Reserved. 
The region where the curve has zero slope at the lowest potential is the ion saturation 
current. The zero-slope region at the highest potential corresponds to the electron saturation 
current. Saturation current in both cases represents the maximum flux of electrons or ions that 
Equation 17 
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the plasma will maintain. The “knee” in the curve that corresponds to the upper transition to zero 
slope occurs at the plasma potential. Where the curve intersects the horizontal axis represents the 
floating potential of the plasma. At this point, the electron and ion currents at the probe are equal 
[5]. Furthermore, once these parameters have been determined, it is possible to calculate the 
electron temperature 𝑇𝑒 . The ion saturation current is subtracted from the total probe current and 
plotted versus the probe bias voltage on a semilog plot. The slope of the region of exponential 
growth is equal to 𝑒 (𝑘𝑇𝑒)  where 𝑒 is the fundamental electron charge and 𝑘 is the Boltzmann 
constant [6]. An example graph showing this calculation appears in Figure 3. 
 
Figure 3: Electron Temperature Calculation 
Ref [4] © David Pace. All Rights Reserved. 
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The probe constructed for this experiment is shown in Figure 4. It consists of a steel outer 
tube bent into a 90º elbow. This steel tube supports, via a Swagelok connection, a double-bore 
alumina rod that is actually inserted into the plasma environment. A tungsten wire runs through 
the alumina rod and is allowed to protrude approximately 3 mm into the plasma only at the very 
tip of the probe. The tungsten is otherwise electrically insulated from the plasma by the alumina. 
Inside the alumina rod, the tungsten wire makes contact with a piece of magnet wire; it is this 
magnet wire which is connected to the source meter. 
 
Figure 4: Langmuir Probe 
2.3.1.2 Charge Detection Mass Spectrometer 
 
Using a charge detection mass spectrometer (CDMS), the characteristics of the dust 
particles that traverse the plasma environment may be determined. The CDMS used in this work 
represents a variation on earlier classes of inductive charge detectors.  The basic device consists 
of a retarding screen and charge sensor tube of known length. A cross section of the instrument 
showing the sensor tube and collimating aperture, which guides the particles into the instrument, 
is shown in Figure 5. 
 
 
Alumina 
rod Steel 
tube 
Swagelok 
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Ref [7] © 2007 AIAA. All Rights Reserved. 
When the particle travels through the detection tube, the voltage induced through the 
amplifier circuit to ground from the current induced in the tube is plotted as a function of time. 
Due to the low level of induced charge the dust particle creates passing through the tube, an 
amplifier circuit must be used. This amplifier circuit introduces some noise into the system. 
Figure 6 shows a typical plot of the output from the CDMS [5]. This curve has two 
distinct peaks. The first peak corresponds to the entry of the dust particle into the sensor tube and 
the second to the exit of the particle from the tube. By integrating Ohm’s Law using the data in 
this plot, the charge of the particle may be determined. The time of flight may be determined by 
measuring the interval between the peaks. 
Figure 5: CDMS Instrument in Cross Section 
15 
 
 
Figure 6: Typical Plot of CDMS Voltage vs. Time 
Ref [5] © 2008 Worcester Polytechnic Institute. All Rights Reserved. 
The charge of the dust particle is determined from Equation 18. 
𝑞 =
1
2
 
 𝑉1 𝑛  
𝑅1
𝑑𝑛
𝑡𝑓
𝑡𝑖
 
where q is the charge of the particle, V1 is the voltage from the graph, ti and tf are the first and 
last time the voltage drops below the noise voltage, and 
1
2
 is used to incorporate the average of 
the signal entrance and exit for better data accuracy [7]. The result of this calculation is the 
charge on the dust particle in coulombs. 
2.3.2 Facilities 
 
Many experimentally generated plasmas are at low pressures. This is done so that the 
required energy input is of a practical magnitude. Thus, vacuum chambers must be used to 
conduct experiments. For this experiment, the Vacuum Test Facility (VTF) located in Higgins 
Lab was used. This 50” x 72” cylindrical chamber is capable of a high vacuum with a base 
Equation 18 
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pressure in the mid 10
-7
 torr range [8] and is large enough to contain the dusty plasma discharge 
chamber. The VTF is shown in Figure 7. In order to achieve this vacuum, three methods of 
pumping are used.  
 
Figure 7: Vacuum Test Facility 
 
Pumping down the chamber from atmospheric pressure of 760 torr down to 7 torr  is 
fairly simple and uses a piston pump. Piston pumps are effective at quickly removing large 
amounts of air from a vacuum chamber. They are used first to allow the operation of other 
pumps which cannot handle the gas load at atmospheric pressure. 
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The second stage involves operation of a Roots 
blower which is an interlocking gear-like mechanism on 
two counter-rotating shafts to force the air from the 
chamber. These shafts spin at speeds of more than three 
thousand revolutions per minute. The clearance between 
lobes is 0.2 to 0.6 mm [10]. If operated at atmospheric 
pressure, the work load would be too great and the roots 
blower would overheat. Roots blowers are only effective at 
pressures less than 50 torr and greater than 50 millitorr. At 
lower pressures, oil begins to backstream, and the power required to operate the pump is 
prohibitive at higher pressures. The operation of a Roots blower is shown in Figure 8. 
At pressures below 50 millitorr, the cryopump takes over and brings the pressure down as 
low as 10
-7
 torr. A cryopump operates by freezing (or trapping) the gas molecules in the 
chamber. A set of plates is cooled as low as 15 Kelvin using a helium refrigerator. When a 
molecule comes into contact with the plates it is condensed; the temperature is brought below its 
boiling point and the molecule is effectively removed from the chamber further lowering the 
pressure [11]. 
Figure 8: Roots blower time lapse 
operation 
Ref [9] © 2008 Chemtech Services. All 
Rights Reserved. 
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Figure 9: Cross Section of Cryopump Design 
Ref [12] © 2009 PHPK Technologies. All Rights Reserved. 
 
2.4 Electrospray 
 
Processes common in laboratory and industrial settings frequently require a spray of fine 
liquid droplets to be delivered in precise and often small volumes. For many applications, the 
best source of these droplets is an electrospray. Such a device uses strong electric fields to 
exploit an instability in liquids which permits jets of varying sizes and volumes to be produced 
simply and efficiently. Electrosprays have applications in fields as varied as painting, silicon 
circuitry production, mass spectrometry of organic molecules, and the application of insecticides 
[13]. This technique is unique in that it spans a vast range of scales, from nanotechnology to 
macroscopic coating applications. 
Electrospray is important to this research because it provides a means of delivering 
carefully controlled volumes of liquid droplets to our plasma discharge chamber. This would 
enable the effect of a plasma environment on liquids, a situation that occurs in practice when 
studying the properties of hydrocarbon combustion, to be determined. The more conventional 
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delivery of liquid fuel droplets in this case is through an atomization procedure using nozzles or 
other mechanical injectors. By using an electrospray, it is possible to control the size of the 
droplets introduced into the plasma environment. Control over the size of the droplets introduced 
will make the determination of other effects from the plasma easier to discern. 
The first true electrospray effect was observed in 1914 by John Zeleny [13] and further 
described in the 1960s by Sir Geoffrey Taylor [13]. It is for the latter that the Taylor cone, a 
distinguishing feature in electrospray production, has been named. In a typical electrospray 
device, a high voltage is applied to a liquid in a small capillary. Charges on the surface of the 
liquid cause the liquid to form a cone-shaped structure, the Taylor cone. The conical shape 
increases the maximum charge that the liquid can sustain [14]. From the narrow jet formed by 
the Taylor cone, the liquid droplets are formed due to flow instabilities within the jet. Droplet 
breakup may then occur due to the repulsive force of the electric field. This effect is enhanced by 
evaporation of the liquid droplets; the result is a higher charge density which makes the Coulomb 
force yet more effective in repelling the droplets [13]. This fissile mechanism has been termed a 
“Coulombic explosion” [15]. A liquid droplet that has begun to experience such breakup is said 
to have reached the Rayleigh limit [15]. A photograph of a functioning electrospray appears in 
Figure 10. 
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Figure 10: Electrospray showing capillary, Taylor cone, jet, and spray 
Ref. [16] © 2006 Journal of Fluid Mechanics 
Liquids are normally constrained and cohere through surface tension. If the droplets 
composing the liquid are charged, an external electric field can exert a force on the liquid. I t is 
possible for the electric repulsive force to exceed the attractive force of surface tension.  In 1882 
Lord Rayleigh observed that the application of a sufficiently strong electric field to a conducting 
liquid would cause the liquid to form a jet. The production of a jet of liquid droplets as a result of 
this effect was described by Zeleny in 1914 [13]. Liquids used in electrospray must be 
electrically conducting to permit the fluid to acquire a charge and carry a current through the jet 
and resulting spray. Various ionic liquids and mixtures are commonly used in electrosprays. 
Rayleigh defined a parameter called the fissility, which describes the probability that a liquid 
sample will disintegrate through this effect. Fissility is the ratio of Coulomb energy to twice the 
surface energy and is defined as follows: 
𝑋 =
𝑞2
64𝜋𝜍𝜀0𝑅3
 Equation 19 
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where 

q is the charge applied to the droplets, 𝑅 is the droplet radius, 𝜀0  is the permittivity of 
vacuum, and

  is the surface tension. [13]. For values of 

X  greater than 1, the chance of a liquid 
sample disintegrating increases as the electric force becomes larger than the surface tension [13]. 
While Rayleigh believed that such disintegration would occur for values of X  much greater than 
1, some studies have also shown disintegration at values as a low as 𝑋 = 1. Achtzehn and his 
colleagues at the Institut für Physik in Ilmenau, Germany, [17] observed the disintegration 
process in ethylene glycol droplets. They determined that the onset of instability was 
independent of droplet size and temperature. They were also able to take photographs showing 
the beginning of droplet fission. [17] The figure shows a droplet with a jet beginning to form.  
 
Figure 11: Onset of instability in ethylene glycol showing the formation of the jet 
Ref. [17] © 2005 European Physical Journal. All Rights Reserved 
 
Electrosprays have extensive applications in a wide variety of fields. Having more 
precise control over liquid droplet size would enable optimization of processes such as fuel 
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injection and pharmacological research [16]. Some of the most recent research has concerned the 
manufacture of nanoparticles for semiconductors. It is often crucial to obtain good control over 
particle size and shape, both with respect to the mean size and size distribution, and to passivate 
the surface upon deposition. Electrosprays accomplish these objectives [13]. One technique uses 
an electrospray of metal ions and polymers to deposit the metal ions on a substrate. After the 
solvent has evaporated, the metal ions are left behind and encased by a polymer to passivate the 
surface states. By varying the initial concentration of metal ions, it is possible to precisely 
control the size of the resulting particles deposited on the substrate. 
Electrosprays have also enabled innovative techniques for mass spectrometry, especially 
of biological macromolecules. This technique exploits the ability of an electrospray to act as an 
ionization source [15]. For ionization, a solvent is used which causes the solute molecules of 
interest to dissociate. After passing through the electrospray device, the solvent evaporates, 
leaving behind ions of the target molecule [15]. At the conclusion of the process, the droplets 
may have left behind individual ions. A schematic showing this technique is presented in Figure 
12. Electrospray is also used in the biological sciences to create thin films of proteins and DNA 
for analysis by scanning electron microscopy [13]. In non-biological applications, thin films of 
polymers can be deposited in layers, a manufacturing step that is important in the manufacture of 
solar cells and LEDs. Experiments have shown that films created via electrospray have higher 
quality than those from other currently employed techniques. 
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Figure 12: Electrospray device with mass spectrometer 
Ref. [15] © 1997 Journal of Mass Spectrometry. All Rights Reserved. 
 
Much research has been devoted to developing mathematical models for the flow rates 
and current emitted by electrospray devices and the effect of external influences such as shearing 
forces and electric fields on electrospray properties. The precise variability in droplet size that 
characterizes electrospray is largely determined by the flow rate and the electrical conductivity 
of the liquid [18]. Knowing these parameters permits finer control of droplet size and distribution 
than is otherwise possible. Higuera’s research group [18] has examined the “cone-jet regime” of 
electrically charged liquids. In equilibrium, the hydrodynamic force and the electric field force 
balance, producing the Taylor cone that is characteristic of these flows. The Taylor cone will 
have a half-angle of approximately 49.29º. It is important to note, however, that only a specific 
electrode voltage will produce this idealized Taylor cone for a given set of conditions. For a 
range of conditions near this ideal, equilibrium value, new equilibrium geometries may be 
obtained. These geometries may include distorted cones or may not exist at all for cases with no 
equilibrium solution. The required force balance for the production of the ideal Taylor cone is 
described by Equation 20 [18]. 
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where 

  is the surface tension, 𝑅 is the distance from the apex of the cone, 𝛼 is the cone half-
angle, 

0 is the permittivity of vacuum, and 𝐸𝑛  is the electric field in the gas [18]. This electric 
field is normal to the surface of the cone, which is an equipotential surface. Following formation 
of this cone, droplets form in the jet as a result of the Plateau-Rayleigh instability and then break 
up as the electric field force increases beyond the hydrodynamic force. Furthermore, it is 
possible to determine the order of magnitude for the flow rate in this transition region and the 
size of the spray. 
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where 

 is the liquid density, 

K  is its electrical conductivity, 𝑄0is the flow rate, and 𝑅0  is the 
size. Typical values for 

R0 are on the order of 

107m and typical values for 

Q0 on the order of 
10
-13
 m
3
/s [18]. Higuera goes on to note that a set of equations and boundary conditions for the 
behavior of the fluid flow itself can be established and solved numerically to give results for 
electric current, velocity, pressure, electric potential, radius of the flow, and charge density. All 
of these properties are critical to a complete understanding of electrospray behavior and the 
design of an electrospray apparatus. Modeling of the behavior of the electrospray requires use of 
the Navier-Stokes equations to model the momentum transfer and a numerical solution method. 
The equations are functions of several non-dimensional parameters, including the Reynolds 
number. Figure 13 shows several equipotential lines (thin lines) and streamlines (thick lines) of 
Equation 20 
Equation 21 
Equation 22 
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the flow in the transition region. The capillary is located on the left. The figure on the right 
represents a flow rate almost 20 times larger than the one shown on the left. Note that increasing 
the flow rate results in a much larger cone-to-jet transition region. 
  
Figure 13: Streamlines and equipotential lines for two (non-dimensionalized) flow rates  
(left: Q=0.27; right: Q=4.8) 
Ref. [18] © 2003 Journal of Fluid Mechanics. All Rights Reserved. 
According to the simulations, the total electric current is composed of two separate 
parameters, the surface current and the bulk conduction current. For much of the flow, including 
the transition region, the surface current is negligible. It only becomes important when the flow 
becomes a true jet rather than a Taylor cone. This is primarily due to the shifting geometry of the 
fluid [18]. Once this occurs, the shear force generated by the external electric field is able to act 
more effectively on the jet. Current scales with the square root of the flow rate. Charge density 
reaches its maximum value as the flow transitions and then decreases in the jet. With increasing 
flow rate, the maximum charge density is shifted downstream and may be located in the jet itself 
with sufficient flow rate, assuming no solvent is evaporating from the spray. If evaporation 
occurs, the loss of volume will result in an eventual instability owing to the consequently 
increasing charge density [15]. 
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For electrosprays with high flow rates, approximations can be made that simplify the 
analysis. For this estimation, it is assumed that the flow is essentially inviscid and irrotational in 
the transition region and that the bulk conduction current dominates over the surface current 
[18]. The surface of the liquid is assumed to be an equipotential surface. These approximations 
yield several equations for basic properties such as flow rate, cone radius, and electric field. 
However, these approximations vary depending on which region of the flow is being analyzed. 
For example, the transition region exhibits properties which differ from the jet. Important among 
these is the transition from a bulk-conduction-dominated current to a surface-dominated current. 
The surface electric stress becomes more important as the jet is formed. 
Research groups are also involved in the creation of alternative designs for electrospray 
hardware. One such design is the sheathless electrospray emitter in which the electric potential is 
applied directly to the spray tip using a conductive coating [19]. In contrast to earlier designs 
which used a gold film as an electrical contact, new research has resulted in a design that uses 
gold particles. The technique is easier to fabricate and provides more durable electrospray 
emitters [20]. Previous designs suffered from rapid degradation of the conductive coating as a 
result of sputtering caused by the high electric field. The gold particles are applied by adhering 
them to a polyamide resin. The resulting capillaries were tested using several electrospray 
voltages and solutions, including large biological macromolecules. All performed well and 
produced good quality Taylor cones and liquid sprays. The primary advantages of using the new 
electrical contact technique are the increased ease and lower cost of manufacturing and the large 
increase in service life over previous designs [20]. 
Electrospray is particularly relevant to the research that can be conducted using this 
discharge chamber. A compatible electrospray source could easily replace the solid dust particle 
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dispenser that has been used for this MQP; the contaminant source has been designed to be 
modular. Consequently, the same discharge chamber and instruments could be used to examine 
the effects of a plasma environment on liquid droplets. 
2.5 Prior Work 
 
Research efforts at WPI into the effect of dust contamination on the plasma environment 
were greatly assisted by the work completed as part of a related MQP during the 2007-2008 
academic year. The group from last year, Messrs. William Flaherty, McConnell Dickson, Brian 
Kolk, and Joseph Basile, designed and largely constructed a discharge chamber to generate a 
plasma discharge and introduce dust contamination. While no testing was accomplished during 
that project, the availability of a nearly complete test apparatus greatly enhanced the prospects 
for obtaining useful data in 2008 and 2009. 
The discharge chamber that was constructed is an eight-inch diameter aluminum cylinder 
with provisions for both gas and electrical feeds and instrumentation as well as the introduction 
of contaminants (dust) to the chamber. The apparatus is designed for the collection of data 
through the use of two instruments, a charge detection mass spectrometer and a Langmuir probe 
previously described in Section 2.3.1.1. Argon gas is introduced into the discharge chamber via 
12 evenly spaced holes in the chamber cover [5]. This gas is then ionized through collisions with 
electrons emitted by a 0.010-inch thermionic tungsten filament. This results in a plasma 
environment inside the discharge chamber. The resulting free electrons are collected on an anode 
inside the chamber which is maintained at a potential (50 V) above that of the electron source 
(filament) which is at facility ground. The anode is a piece of rolled aluminum sheet metal which 
is electrically isolated from the rest of the chamber by ceramic standoffs [5]. Thus, some crude 
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information about the plasma environment can be obtained by simply measuring the current 
flowing through the anode circuit. It is predicted that the current produced by electrons emitted 
by the thermionic tungsten cathode will be relatively small and that a sudden increase in this 
current will mark the production of a plasma. Following ionization, the argon gas flows out the 
bottom of the discharge chamber to prevent excessive gas concentrations from extinguishing the 
plasma. The basic components of the discharge chamber are illustrated in Figure 14. 
The plasma discharge chamber was also fitted with two rings of samarium-cobalt 
magnets to improve the efficacy of ionization. Relatively powerful by permanent-magnet 
standards (approximately 0.005-0.1 T), these magnets cause the electrons emitted from the 
filament cathode to follow a helical path, according to the classic Lorentz force equation: 
𝐹
 
= 𝑞𝑣 × 𝐵
    
  
where 

q is the electron charge, 

r 
v  is its velocity, and 

r 
B is the magnetic field strength. The 
helical path effectively increases the distance traveled by the electrons as they move from the 
cathode to the anode, thus increasing the probability that the electrons will ionize the argon gas 
through collisions. The MQP group from 2007-2008 performed theoretical simulations of the 
magnetic field environment using the Poisson Superfish program and estimated the optimal 
placements for the permanent magnets [5]. 
 
Equation 23 
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Figure 14:  Cutaway of discharge chamber showing dust dispenser and anode 
Ref [5] © 2008 Worcester Polytechnic Institute. All Rights Reserved. 
The measurement of basic plasma properties, including electron and ion densities and 
temperatures, can be accomplished through the use of a Langmuir probe as described in Section 
2.3.1.1. The previous MQP group designed the probe so that it is possible to move the probe into 
and out of the chamber to record data at various points within [5]. This will permit the 
acquisition of information concerning the distribution of plasma properties in the chamber, as it 
is not expected that a uniform plasma will be generated.  
The Langmuir probe positioning system consists of two parallel rails on which a stepper 
motor and the probe itself are mounted. These rails are also used to support the discharge 
Magnets 
Dust Dispenser 
Anode 
CDMS Mount 
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chamber. The motor is used to drive a precision Acme-threaded
1
 rod which moves the probe 
closer to or farther away from the discharge chamber [5]. The precision rod and associated 
stepper motor permit the position of the Langmuir probe to be controlled within the chamber 
with a spatial resolution of better than 0.001 inch. It is essential that the position of the probe be 
accurately known so that plasma properties at the appropriate locations can be measured. This 
apparatus is shown in Figure 15. 
 
Figure 15:  Langmuir Probe Positioning System sliding on support rails 
Ref [5] © 2008 Worcester Polytechnic Institute. All Rights Reserved. 
The second instrument that has been fitted to the chamber is the charge detection mass 
spectrometer (CDMS) as previously described in Section 2.3.1.2. This instrument will be used to 
record information about the mass, velocity, and charge of the dust particles which reach it at the 
bottom of the chamber. The CDMS is mounted to the screen at the base of the discharge chamber 
where it collects dust particles after they have fallen through the plasma environment. During 
                                                   
1
 Acme threads differ from ordinary threads in that the thread face is flat instead of pointed. Acme-threaded rods are 
available to provide linear motion with a high degree of precision. 
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their flight, the dust particles acquire some charge and velocity which can consequently be 
measured. Data acquisition occurs through a LabVIEW virtual instrument with subsequent 
analysis using MATLAB. The use of these programs enables the calculations necessary to 
extract useful information from the instrument to be performed much more rapidly. The CDMS 
to be used in this work is based on the design of one previously described (Section 2.3.1.2) but 
modified so that it would be more compact and easily integrated with other equipment. In 
addition, the second generation CDMS has electronics integrated in the sensor housing to reduce 
noise [5]. The new CDMS instrument is shown in Figure 16. 
 
Figure 16:  Second Generation CDMS in cutaway and with enclosing tube removed. 
Ref [5] © 2008 Worcester Polytechnic Institute. All Rights Reserved. 
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The purpose of the discharge chamber is to determine what effect the introduction of dust 
particles has on the plasma properties. The dust material chosen for the research program is 
alumina spheres from Performance Ceramics Company, (product number 1006603KG). While 
originally thought to have a nominal diameter of 2 µm, analysis using a scanning electron 
microscope shows that the average diameter is on the order of 50 µm. An SEM photograph of 
the dust particles appears in Figure 17 below. 
 
Figure 17: SEM Photograph of Dust Particles 
A small reservoir was designed to introduce the particles into the discharge chamber. In 
the original design, this reservoir is agitated by a small offset-mass electric motor similar to those 
in cell phones to dispense dust into the chamber. The reservoir was not completed during the 
previous MQP, as it was still necessary to drill the outlet hole for the dust particles [5]. Precision 
is especially critical in the hole creation because of the required dust behavior. It is not desirable 
to have the dust pour out of the chamber in a steady flow, nor is it desirable to have a flow rate 
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so small that very few dust particles are able to exit the dust reservoir. The technique used in the 
creation of the dust outlet is paramount to its success. 
The previous  MQP group completed the computer modeling and machining of the major 
components of the discharge chamber. The majority of the custom machining work was 
completed in the WPI Higgins Lab Machine Shop, using manual mills and lathes. The more 
complex machining required use of programmable computer numerical controlled (CNC)  
machines. Other pieces, such as the cylinder for the discharge chamber and the mounting rails, 
were ordered from suppliers to speed the acquisition of material and to avoid unnecessary 
machining. 
The work accomplished during the original MQP was of enormous utility to the present 
research project. Their efforts at design and fabrication during the previous academic year 
allowed the second group to focus primarily design improvements and details required for the 
successful operation of the experiment and the first experimental runs aimed at data collection. 
While the hardware produced during 2007-2008 was an excellent starting point for this research, 
it is inevitable with any complex piece of experimental hardware that adjustments to the design 
need to be incorporated before success is achieved. This was the focus of this MQP group. 
Furthermore, the discharge chamber is a relatively generic instrument that can be readily adapted 
to other research projects involving plasma physics. A finished functioning device is an asset to 
future MQP groups and similar research activities. 
2.6 Ion Source Operation and Optimization 
 
While the experimental hardware developed for this MQP is not designed to produce a 
usable thrust, the design of the discharge chamber is similar in many ways to ion thrusters that 
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have been developed for practical applications in space propulsion [21]. Many of the same 
design principles for optimization may be applied to both. The development of electron-
bombardment ion thrusters began in the early 1960s as part of research conducted for and by 
NASA. This work was done primarily to support electric space propulsion efforts [22]. 
Unfortunately, much of the data collected during this early period were available only in internal 
NASA documents [21]. This resulted in duplication of work to determine the optimum 
component configuration of an axial electron-bombardment ion source [22]. Research programs 
in the United States, England, and Germany sought to improve the performance of these early 
thrusters, both for the purposes of space propulsion and for industrial applications such as 
surface cleaning and machining [23]. While most modern ion source designs have migrated to a 
multipole magnetic field configuration, the simple axial ion source is still effective for basic 
research and in small thruster designs [21]. While the multipole design produces a better quality 
ion beam, this experiment is not designed to maximize ionization efficiency, hence the 
performance of the older, axial field source is more than adequate. A typical configuration for an 
axial ion source is shown in Figure 18. 
 
Figure 18: Axial Ion Source Design (Note: This experiment lacks an accelerator grid.) 
Ref. [22] © 1982 Journal of Vacuum Science and Technology. All Rights Reserved 
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Commercial ion sources are designed to generate a relatively uniform ion current while 
minimizing discharge losses and losses of neutral species [23]. In the design of this experiment, a 
thermionic cathode is used to emit electrons which bombard initially neutral gas atoms in the 
volume of the discharge chamber, ionizing them and producing an ion current. The plasma 
potential in the discharge cavity should be approximately uniform to within a volt [23]. 
Furthermore, the plasma extends over practically all of the chamber, as the Debye length is 
typically on the order of 1 mm [23]. The volume of the chamber available for ionization is 
constrained by the physical chamber dimensions and by the presence of a magnetic field. The 
field is parallel to the axis of the chamber and is used to enhance the ability of the primary 
(emitted) electrons to ionize the gas [23]. The magnetic field increases the ionization probability 
by forcing the primary electrons to follow a helical path, incorporating a longer travel distance 
which increases the probability of a collision with a neutral gas atom, especially given the low 
pressures at which the ion source operates. The presence of these primary electrons is 
particularly important because they possess much higher energies than the so-called Maxwellian 
background electrons. While these electrons represent less than 10% of the total number of 
electrons in the discharge chamber, they account for about half of the total ions produced [23]. 
Choice of operational parameters such as pressure and anode voltage are also important 
to achieving plasma generation. For ion sources similar to the one used in this experiment, the 
anode potential required to start a discharge should be 40-50V [24]. Furthermore, the gas 
pressure at which the source operates is also critical. For efficient operation, the following 
approximate relationship holds: 
𝑁0 = 1.4 × 10
17 𝐴𝑝
Ω𝑝
 Equation 24 
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where 𝑁0  is the neutral density in particles per cubic meter, 𝐴𝑝  is the outside area of the primary 
electron region (enclosed by the chamber and the magnetic field lines), and Ω𝑝  is the volume of 
the primary electron region. Equation 24 holds for argon; a typical value for the ratio 𝐴𝑝 Ωp  is 
0.01 m
-1
. 
Using Equation 24 with typical values for the variables of interest, an operating pressure 
for an axial ion source lies in the mid-10
-4
 torr range. 
A well-designed ion source will produce an ion “beam” current with minimum losses. 
Discharge loss, measured in units of electron volts per ion, is defined as the ratio of the discharge 
power supplied to the cathode to the ion beam current that results from ionization [23]. These 
losses are primarily the result of energy contained in the primary electrons that is transferred 
directly to the anode and collisions between neutrals and ions. Electrons will tend to impact the 
anode first if they are transported on a magnetic field line which intersects it. It is desirable to 
operate such an ion source at the “knee” of the discharge loss/propellant utilization curve. This 
minimizes the loss of unionized neutrals while also keeping discharge losses relatively low [23]. 
The behavior of the ion source with changes in magnetic field is also important. In fact, Kaufman 
states that most of the improvements in ion source performance are the result of “improved 
magnetic field configurations” [21]. Generally, it is found that the discharge losses decrease 
rapidly with increasing magnetic field strength; however, a critical point is reached after which 
improvements in discharge loss performance are very small with increasing magnetic field. 
Furthermore, the shape of this field is also important. It is possible to halve discharge losses by 
using a non-uniform axial magnetic field. In this case, the field shape should diverge toward the 
downstream end of the chamber. Typically, the value at the end of the chamber is about 60% of 
that nearest the cathode [23]. For ion sources that use small permanent magnets, it is important 
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that the magnets at the outer ring (the lower magnet ring in this apparatus) be oriented such that 
their poles are opposite the center magnets (the upper magnet ring) [25]. This produces the most 
favorable orientation of the field for plasma generation. The most common type of magnets 
employed are made from samarium-cobalt. The exact position of the rings containing these 
magnets is relatively unimportant to discharge chamber design. However, the magnets are 
thermally sensitive and should remain below 300°C [26]. Furthermore, the magnets are poor 
electrical conductors and should be shielded so that no current flows through them to the anode. 
In addition to the discharge loss, also known as the ion energy cost, 𝜀𝑝 , the primary 
electron utilization factor, 𝐶0 (measured in inverse flow rate), can also be used to evaluate ion 
source performance. The ion energy cost is a measure of the amount of energy input required to 
ionize a gas atom. The electron utilization factor measures the efficiency of the electron usage, 
that is, the number of electrons that are lost directly to the anode. Higher values of 𝐶0 indicate 
the discharge chamber electron containment capability is better. [25] 
𝜀𝑝 = 𝜀𝑝
∗ 1 − 𝑒−𝐶0𝑚 (1−𝜂𝑢 ) 
−1
 
𝐶0 =
4𝜍0
′ 𝑙𝑒
𝑒𝑣0𝐴𝑔𝜙0
 
where 𝜀𝑝
∗ is the ion energy cost at high neutral densities when no primary electrons are lost 
directly to the anode, 𝑚  is the gas mass flow rate, 𝜂𝑢  is the utilization efficiency, the percentage 
of gas atoms that are ionized, 𝜍0
′  is the total inelastic collision cross section for electron-neutral 
collisions, 𝑙𝑒  is the average distance electrons would have to travel directly to the anode, 𝑒 is the 
fundamental charge, 𝑣0 is the mean velocity of the gas atoms, 𝐴𝑔 is the area of the extraction 
grid, and 𝜙0 is the grid transparency to neutral atoms. While the experiment that is being 
Equation 25 
Equation 26 
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conducted for this research project lacks an accelerator grid, the general trends presented in 
discharge chamber design provide guidelines for efficient operation. 
The anode configuration is one of the most important variables that can be adjusted in an 
axial electron-bombardment ion source. Interestingly, the overall length of the anode has very 
little effect on the performance of the ion source and discharge losses. Provided that the anode 
itself is positioned to intercept the magnetic field lines, performance is approximately the same 
as the electrons must still diffuse along these field lines to reach the anode [23]. A shorter anode 
does, however, negatively affect starting ease and stability when operating the ion source at low 
voltages. Hiatt and Wilbur discovered through testing that moving the anode further downstream 
reduces the ion energy cost. In fact, the smallest ion energy cost is achieved just before the anode 
moves too far downstream to support further discharge [25]. This position is the best for anode 
placement because it represents the “optimum surface for collecting electrons” [25]. 
Just as the anode geometry and placement determine to a large extent the performance of 
the ion source, shape and position are important in cathode design. Of primary interest to 
designers of ion thrusters, it is possible to increase the extracted ion fraction several times over 
when the diameter of the space contained by the cathode is increased. For example, if the 
cathode configuration is a ring, increasing the diameter of the ring results in an increased 
extracted ion fraction. These results have been confirmed for thermionic cathodes [25]. It is 
believed “to be caused in part by an increase in the grid area exposed to the primary electron 
plasma and in part by an increase in the fraction of the total ion production effected adjacent to 
the grids” [25]. Unfortunately, this increase in extracted ion fraction also increases ion energy 
cost. This primarily results from an increase in primary electrons that are lost directly to the 
anode instead of first ionizing neutral species. That is, the electron utilization factor decreases as 
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the cathode diameter is increased. The best performance for a given cathode is achieved when 
the cathode is positioned “just downstream of the maximum magnetic flux density on the 
centerline” [26]. Furthermore, stronger magnetic fields at this location seem to increase the 
stability of the ion source. 
Variations in the propellant injection mechanism also have some bearing on the 
performance of an ion source. These results are, however, more applicable to ion thrusters than 
to simple ion sources as used in this experiment. Feeding the propellant from the downstream 
end of the chamber, closest to the accelerator grid in a thruster, results in a net performance gain 
by moving the largest region of ionization closer to the accelerator [23]. 
Variations in the geometry of the discharge chamber are also worthy of consideration. As 
can be inferred from equation for gas pressure (Equation 24), physically larger ion sources 
require a lower pressure to operate efficiently. This is explained by examining the surface area-
to-volume ratio shown in the equation. This ratio decreases as the discharge chamber is made 
larger (the increase in surface area is outpaced by the increase in volume), which in turn reduces 
the density of the neutrals required for efficient operation. Furthermore, an increase in the length 
of the chamber has the undesirable effect of increasing discharge losses but also reduces the 
operating pressure required [21]. 
2.7 Thermionic Cathode Emission: Theoretical Predictions 
 
Thermionic emission was first observed in the middle of the 18
th
 century when scientists 
discovered that the air in the vicinity of hot metals was conductive. Later studies by J.J. 
Thomson concluded that this effect was caused by a cloud of electrons surrounding the heated 
metal [27]. The underlying physical model that explains this emission is derived from quantum 
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mechanics and was first delineated by Richardson and Dushman. Their mathematical model 
provides a means of predicting the electron emission as a function of temperature for a given 
substance [27]. 
 Prior to any testing being performed, calculations using the Richardson-Dushman 
equation were performed to determine the expected electron emission from the thermionic 
filament. Results would help determine whether any measured current came from the filament 
only or whether a portion was derived from a plasma discharge. Equation 27 below is the 
Richardson-Dushman equation. 
𝑱 = 𝑨 𝟏− 𝒓𝒎 𝑻
𝟐𝐞𝐱𝐩 −𝑾 𝑲𝑻   
𝐴 =
4𝜋𝑚𝐾2𝑒
𝑕3
= 1.20173 × 106A m−2K−2 
where 𝐽 is the current density, 𝐴 is Richardson’s constant, 𝑟𝑚  is the reflection coefficient, 𝑇 is the 
absolute temperature, 𝑊 is the work function, 𝐾 is Boltzmann’s constant, 𝑚 is the electron mass, 
𝑒 is the electron charge, and 𝑕 is Planck’s constant. The work function is a measure of the 
amount of energy needed to liberate an electron from an atom. Its value varies with the material 
and surface conditions, such as the presence of oxides or contamination. Some typical values are 
presented in Table 2. 
Element Work Function (eV) Element Work Function (eV) 
Zn 3.63-4.9 Al 4.06-4.26 
Fe 4.67-4.81 Sn 4.42 
Au 5.1-5.47 W 4.32-5.22 
Ni 5.04-5.35 Pb 4.25 
Table 2: Work Functions for Selected Elements 
Ref [28] © 2008 CRC Press. All Rights Reserved 
Equation 28 
Equation 27 
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For tungsten, the work function is approximately 4.5 eV. The Richardson-Dushman 
equation can be used to calculate the current density in amperes per square meter. To obtain the 
actual current emission, this value must be multiplied by the surface area of the filament. For our 
0.010 in-diameter tungsten of length 11 in., the surface area is given by Equation 29 and the 
current emission by Equation 30 where 𝑑 is the diameter and 𝑙 is the length. A plot of this 
function versus temperature is shown below. 
𝑆 = 𝜋𝑑𝑙 
𝐼 = 𝐽𝑆 
 
Figure 19: Plot of Current Emission vs. Temperature for Tungsten Filament 
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3. Methodology 
3.1 Apparatus 
3.1.1 Probe Positioning System 
 
A Langmuir probe positioning system will be used to move the probe into and out of the 
discharge chamber. The system connects to the frame in two locations, and to the discharge 
chamber in one location. This creates three sections of the probe positioning system: a stationary 
section, a moving section, and a mounting section.  These components are shown in Figure 17. 
To provide some scale, the lead screw is approximately 12 inches long. 
 
Figure 20: Components of the Probe Positioning System 
The stationary set contains a plate, mounting block and the stepper motor. Both the plate 
and block are aluminum. The plate will be secured to the frame rails by four 0.25 in. carriage 
bolts.  The block is machined such that the stepper motor can be flush mounted. Figure 21 shows 
the stationary set of parts. 
Stationary Set Moving Set 
Mounting Set 
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Figure 21: Probe Positioning System Stationary Parts 
The moving set contains the Langmuir probe, the probe mount, a moving plate, and a 
block.   The probe mount is a T-shaped piece  used to mount the Langmuir probe to the moving 
plate. The moving plate is cut to fit within the frame rails to prevent torquing and shifting during 
movement.  Figure 22 shows the moving set of parts. 
Stationary Plate 
Motor-Thread 
Rod Coupler 
Stationary 
Motor Mount 
Block 
Stepper Motor 
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Figure 22: Probe Positioning System Moving Components 
An ACME threaded rod (lead screw) connects the three different sections together. The 
rod is connected to the stepper motor via a u-joint, and moves the Langmuir probe via a threaded 
hole in the block. 
The threaded rod terminates at a bearing mounted to the discharge chamber. Figure 23 
depicts the chamber termination bearing, threaded rod and termination block. 
Moving Plate 
Probe T Holder Moving Block 
Moving Plate 
Probe T Holder 
Langmuir Probe 
Moving Block 
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Figure 23: Chamber-side termination block with (left to right) threaded rod, termination bearing, 
termination block 
The moving probe block had to be redesigned due to the Acme threading of the threaded 
rod. The Higgins Machine Shop did not have an Acme thread. Because of this, the moving block 
was drilled out and threaded to hold a brass adapter that was ordered with an internal Acme 
threading.  Figure 24 depicts the actual moving block and the brass adapter.  
 
Figure 24: Acme-threaded insert and moving probe block 
 
3.1.1.1 Stepper Motor and Instrument Controls 
 
The stepper motor that is used to move the Langmuir probe into and out of the discharge 
chamber is controlled via a virtual instrument (VI) created in National Instruments’ LabVIEW 
software. The VI has inputs for the speed of the movement and the desired distance to be 
traveled in inches. This software is linked to the stepper motor by a serial interface that is routed 
through a feedthrough on the VTF. As this stepper motor model was developed for a different 
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research project and assumed the use of a different stepper motor, modifications were required to 
enable the VI to control the position of the probe accurately. As shown in the block diagram in 
Figure 25 and the front panel in Figure 26, the VI takes the input position from the user and 
converts it to a number of steps for the stepper motor by dividing by a constant. This constant 
was experimentally determined for this application. 
When operating the probe positioning system VI, it is important to set the control to zero 
prior to shutting down the virtual instrument or altering the control parameters in the block 
diagram. This moves the probe as far into the chamber as possible and provides a fixed reference 
point relative to which other probe positions can be measured. The maximum travel rate 
achievable using this positioning hardware is approximately 1 inch per minute. However, the 
travel rate can be as low as 1 mil (0.001”)  per minute. During testing, it was also discovered that 
the stepper motor controller resets its stored position to zero if more than 5 inches of motion is 
commanded. Consequently, the full seven-inch range of motion needed for this experiment is 
achievable by commanding positions from -2 inches to 5 inches. The reason for this error was 
not determined. 
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Figure 25: Stepper Motor Controller Block Diagram 
 
Figure 26: Stepper Motor Controller Front Panel 
The first step in calibrating the stepper motor is to determine the constant that will 
produce one revolution for every inch of motion. Experimentation revealed this to be 1/3200. 
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Accuracy was ensured by commanding the stepper motor to move several inches and then 
manually counting the resulting number of turns. This task was made easier by the presence of 
the set screw on the universal joint attached to the motor shaft, which served as a useful 
reference point. Finally, because the Acme-threaded rod used in this experiment has 20 turns per 
inch, the stepper motor constant described above must be divided by this number to obtain the 
correct conversion from inches to motor steps. The resulting number used in the VI is 1.5625 ×
10−5 𝑖𝑛/𝑟𝑒𝑣. 
3.1.2 Dust Dispensing System 
 
The original design for the dust dispenser on the discharge chamber was developed 
during the previous MQP and included an offset-mass motor to dispense the dust [5]. The dust 
reservoir itself is designed with a removable end cap to facilitate refilling and is mounted on two 
screws which can slide through holes in an upper support bracket. The offset-mass motor is 
contained in a hole machined through the top of the dust reservoir and is secured with a setscrew. 
This apparatus is shown in Figure 27 below. 
 
Figure 27: Original Design for Dust Dispenser 
Dust 
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Mass-Offset 
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Cap 
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When activated, the offset-mass motor was designed to produce sufficient vibration to 
cause dust to be dispensed through a small hole in the bottom of the reservoir. This dust would 
then fall through a hole in the top of the discharge chamber to be introduced to the plasma 
environment. The remaining tasks for completion of this component during the present MQP 
included drilling the small exit hole for the particulates and to test and calibrate the dispenser. 
Prior to beginning machining work and testing, there was skepticism as to whether a 
properly sized hole could be drilled using the tools available in the Higgins Laboratories machine 
shop. An optimally sized hole would prevent dust from falling from a non-vibrating dispenser 
but would easily permit dust to flow when the offset-mass motor was activated. It was decided to 
order a small, manual pin-vise and a 0.0019 in. diameter micro-drill bit, the smallest 
commercially available, to attempt drilling the hole. The small size of this bit required that most 
of the material in the end cap be removed using a larger bit on a standard milling machine. This 
was done to leave approximately 0.0157 in. of aluminum remaining, the maximum usable flute
2
 
length for the micro bit. The hole was then finished by hand using this bit. 
With this complete, the dust dispenser was reassembled and prepared for testing. Because 
testing the dispenser on the discharge chamber itself would delay testing of the discharge 
chamber in the VTF, a temporary test rig was created to suspend the dust dispenser over a 
precision balance. This apparatus is shown in Figure 28. 
                                                   
2
 Flute length refers to the length of the bit with cutting surfaces and thus available to remove material. The flute 
length must be longer than the amount of material to be removed. 
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Figure 28: Test Apparatus for Dust Dispenser 
Data were collected from the balance, a Denver Instruments, model P-403, using a 
connected laptop computer running the proprietary driver software supplied by Denver 
Instruments with their scales. The Denver instruments balance has a resolution of 1 mg. This 
enabled easy output to Microsoft Excel and MATLAB for data analysis and plotting. The offset-
mass motor was powered by a laboratory power supply. Through experimentation, it was found 
that the motor would begin turning at approximately 0.5 V and would continue spinning down to 
approximately 0.3 V. The vibration produced at these levels was, however, proved to be 
insufficient to dispense dust. Testing continued with the motor running at voltages up to 3 V. The 
initial 0.0019 in. hole drilled using the micro bit proved to be too small to permit a detectable 
mass flow rate of particulates. Consequently, the hole size was enlarged using #80, #79, and #78 
drill bits with diameters of 0.0135, 0.0145, and 0.016 inches respectively. At each stage data 
were collected. Consistent mass flow was not obtained until the #78 hole was drilled. 
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Once the consistent ability to dispense dust had been demonstrated, a comprehensive 
testing program was begun. This involved running the motor at various speeds from 
approximately 2 V to 3 V and recording mass measurements every two seconds on the precision 
balance for approximately one minute. This yielded about 30 measurements for each voltage 
level. It quickly became apparent that significant problems existed with the design of the dust 
dispenser. First, the mass flow rate produced at each voltage level was highly variable; no 
repeatability could be obtained. This is apparent in Figure 29, which shows the mass flow rates 
for several trials at several voltage levels. 
 
Figure 29: Dust Mass Flow Rates vs. Motor Voltage 
Other problems noted during this testing phase included the tendency for the dust to 
clump at unpredictable intervals. This clumping, which may be a result of static charge or 
moisture in the dust, stopped all flow through the dispenser and often could only be cleared by 
removing the dispenser end cap. This situation was unacceptable due to the difficulty in 
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accessing the experiment hardware when operating in the VTF.  Furthermore, a resonance 
vibration was noted at specific motor speeds. This would cause an increase in the mass flow rate 
and the entire dispenser support structure to vibrate more violently. During testing, it was found 
that this resonance could be exploited to assist in clearing clumps when they occurred. However, 
the voltage level at which the resonance occurred was highly variable and changed each time the 
dispenser was removed from and then reinstalled on its mounts. This effect can be most likely 
attributed to inevitable variations in the process of mounting the dispenser. The effect of this 
resonance was to make the mass flow rate not a monotonically increasing function of the motor 
voltage. Finally, dust was observed to leak from between the dust reservoir body and its end cap, 
causing further variations in the dispenser performance. 
To remedy these problems, it was decided to abandon the offset-mass motor as a 
vibration source. Instead, a linear actuator was selected as an alternative. Voice coil actuators 
were initially examined but were not chosen due to cost. Instead, a pull solenoid equipped with a 
return spring was employed. The solenoid model purchased was capable of operating at a 
continuous duty cycle in atmosphere and provides a maximum pull force of 35 ounces. Use of a 
return spring was initially thought necessary to assist the solenoid shaft in returning to an 
extended position. However, testing revealed that the force of gravity was sufficient to pull the 
dispenser downward when the solenoid was switched off.  
Control for this new system required an electronics box to be designed and constructed. 
This box is shown in Figure 30 and the electrical schematic in Figure 31. The box contains a 5.5-
V power supply (represented by the green box in the schematic) which is connected via a power 
transistor to the solenoid. It is important that the power transistor control the “hot” side of the 
power supply as controlling the ground side would be ineffective. The vacuum chamber is itself 
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grounded and the result would be the solenoid remaining in an activated state at all times. The 
base current to the transistor is provided by a signal generator that permits precise control over 
the frequency of activation and duty cycle of the solenoid. The electronics box also contains a 
power switch and two BNC connectors for the signal generator input and power output to the 
solenoid. 
 
Figure 30: Power Supply and Transistor for Dust Dispenser 
The circuit used to control the dust dispenser is shown schematically in Figure 31. 
5-V Power Supply 
Board 
Power Transistor 
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Figure 31: Dust Dispenser Control Circuit Diagram 
Attachment of the solenoid to the dust dispenser reservoir required further modifications 
to the design. The new configuration is shown in Figure 32. To link the solenoid (1) to the dust 
dispenser reservoir (2), a hole was machined in the top of the dust dispenser to accept the 
solenoid shaft (3). The shaft itself is secured by a rod (4) passing through the top of the reservoir 
and exposed on both sides. The protruding ends of the rod ride in slots machined into the 
supporting brackets. This mounting system eliminates as many degrees of freedom as is 
practical, enabling the motion of the dispenser to be as purely vertical as possible. Furthermore, 
new dispenser mounting hardware was created to accommodate the taller solenoid and dust 
reservoir combination. 
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Figure 32: Solenoid-Controlled Dust Dispenser 
Finally, to alleviate some of the problems related to clumping of the dust particles, a fine 
steel mesh screen and two O-rings have been added between the dust reservoir and the dispenser 
end cap. This should prevent larger clumps from reaching the exit hole and preventing all flow of 
dust. In addition, the presence of the screen and O-rings between the two dust dispenser 
components is expected to reduce the tendency of dust to flow through this gap. This internal 
configuration is shown in Figure 33. 
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Figure 33: Dust Dispenser Exploded View 
Testing of the dust dispenser in this new configuration was completed using the same 
temporary test fixture used previously. It was quickly discovered that the mass flow rate of dust 
is highly dependent on the frequency of the oscillation and only weakly dependent on the voltage 
applied to the solenoid. Because the solenoid generates sufficient force to lift the dispenser once 
5 V is exceeded, increasing the voltage beyond this value has little effect on the amount of dust 
released. However, as each cycle releases a nearly fixed amount of dust, the number of cycles 
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per second achieved allows control of the mass flow rate. From approximately 0.5 Hz to 10 Hz, 
the relationship between mass flow rate and frequency is approximately linear. After 10 Hz is 
exceeded, however, the oscillation becomes too rapid and linearity breaks down. Consequently, 
the usable range of frequencies is limited to below 10 Hz. A plot of mass flow rate vs. frequency 
is shown in Figure 34. The corresponding particle flow rate vs. frequency for 50-micron particles 
is shown in Figure 35. Linear fits for both of these curves are given by 
𝑚 = 1.4 × 10−7𝑓 + 5.26 × 10−8 
𝑁 = 539𝑓 + 203 
where 𝑚  is the mass flow rate in kg/s, 𝑁  is the particle flow rate in particles per second, and 𝑓 is 
the frequency in Hz. 
 
Figure 34: Mass Flow Rate vs. Frequency for Solenoid Controlled Dust Dispenser 
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Figure 35: Particles per Second vs. Frequency for Solenoid Controlled Dust Dispenser 
 
3.1.3 Charge Detection Mass Spectrometer 
 
Testing of the CDMS adapted from previous projects was necessary to ensure proper 
operation and to discern the applied gain to the voltage induced in the induction tube by a 
charged particle. Setup included an oscilloscope, two power supplies, signal generator, and a 
magnet wire probe to simulate the entry of a particle. Initially, the signal generator was 
connected directly to the input of the amplifier circuit while the circuit was powered by plus and 
minus twelve volts. The outputs from the amplifier circuit as well as the signal generator were 
connected to the oscilloscope for analysis. The signal generator was set to produce a sine wave 
of low amplitude. Further attenuation was achieved through the -20dB mode switch. This was 
done to prevent possible over-current damage to the operational amplifiers. The circuit as 
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configured by the previous project group did not have sufficient gain to allow reliable 
measurements. The original 100-kΩ gain resistor was replaced by a 750-Ω resistor. This 
increased the gain from approximately 60 to 777. 
The amplifier circuit is shown in Figure 36. 
 
Figure 36: CDMS Amplifier Circuit 
In order to simulate a particle traveling through the induction tube, a magnet wire was 
placed inside the length of the copper induction tube and a square wave signal was applied to it. 
This generated a fairly accurate representation of a particle entering and exiting the induction 
tube, which is shown in Figure 37. 
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Figure 37: Oscilloscope Display from CDMS Testing 
3.2 Test Program 
 
The Test Program was designed to test the functionality of the equipment in stages. Such 
an approach would allow for testing of finished equipment, while enabling the completion of the 
unfinished equipment. The first tests were performed to test the ability to generate plasma in the 
plasma discharge chamber. The CDMS, Langmuir probe and dust dispenser had yet to be 
finished at this time. Upon completion of each test, the plasma discharge chamber was removed 
from the VTF and examined for problems and modifications. 
Following the completion of modifications to the plasma discharge chamber, the chamber 
was reinstalled in the VTF to be tested again with the same goals of plasma generation. 
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4. Plasma Discharge Testing 
4.1 Set-up 
 
As described in Section 3.2, the first set of tests was designed to evaluate the operation of 
the plasma discharge chamber only. Before testing could occur, electrical connections had to be 
fitted to the discharge chamber to power the test devices. A gas connection was also added to 
provide an argon gas source. These connections were used throughout all rounds of testing.  
More electrical connections were added as modifications required. 
Note that in the following discussion, “anode potential” refers to the 45-V potential 
applied to the anode and “cathode potential” refers to the several volt potential applied to the 
“hot” side of the filament. All potentials are referenced to facility ground. 
4.1.1 Test One 
 
The objective of the first round of testing was to generate plasma in the discharge 
chamber. The testing was performed without the use of the CDMS, dust dispenser or Langmuir 
probe. The discharge chamber was mounted on the rails and placed in the Vacuum Test Facility.  
A piece of scrap metal was used to position a mirror such that the inside of the discharge 
chamber could be seen through the viewing port. Externally, the filament cathode was connected 
to a variable AC power supply, Staco Energy Products model 3PN1010.
The anode was connected to an DC power source, Electro Products Laboratories model 
NFB. Current and voltage measurements were recorded using a Fluke 83 III multimeter. Figure 
38 shows the discharge chamber in the VTF. Figure 39 shows the electrical connections for the 
test. 
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Figure 38: Discharge Chamber in VTF 
Figure 39: Electrical Schematic for Test 1
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Upon completion of the test, the results of which are presented in Section 4.2.1, the VTF 
was opened and the discharge chamber was found to be electrically isolated from the VTF, 
meaning that the chamber was not grounded as expected.  In addition, upon removing and 
disassembling the discharge chamber, evidence of electron impingement was found on the upper 
magnets shows in Figure 40.  
 
Figure 40: Electron Impingement on Magnets 
Four modifications were made as a result of these findings. First, the upper magnet ring 
(shown and labeled in Figure 41) was inverted to protect the magnets in subsequent tests. 
Second, the lower magnet ring was electrically isolated from the discharge chamber with 5/8-in 
ceramic standoffs and placed at anode potential in hopes of facilitating electron movement to the 
anode.  Third, a sheet metal baffle was installed to block the line of sight to the filament with the 
intention of making it easier to view the plasma glow during operation. Finally, an additional 
metal band was attached to the lower magnets for protection from direct electron impingement.  
The magnets on both rings were realigned with their poles alternating around the ring and set in 
vertical pairs. Figure 41 shows the models for Test 1 and 2. 
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Figure 41: Modifications Following Test 1 
 
4.1.2 Test Two 
 
Upon completion of the modifications, the chamber was replaced in the VTF and 
reconnected. A grounding wire was attached to the main body of the discharge chamber to 
ensure the chamber would not be operating at a floating potential. The filament power supply 
was switched to a DC power supply, Lambda model USA233911, to increase current control and 
simplify calculations. Testing was resumed with the goal of generating plasma. Upon test 
completion the chamber was removed and further modifications were made. The electrical 
schematic for Test 2 is shown in Figure 42. 
Upper Magnet Ring 
Baffle 
65 
 
 
Figure 42: Electrical Schematic for Test 2 
Based on the results of Test 2, which are presented in Section 4.2.1, the upper magnet 
ring was changed from anode potential to ground potential.  The previous situation had the 
possible undesirable effect of causing electrons to flow upward toward the magnet ring instead of 
down through the main volume of the chamber where ionization would take place. Both 
modifications encourage electrons to travel to the anode.  The baffle and upper magnet ring were 
attached to the same connector on the filament. This filament connector was varied in height 
from the other connector to ensure that upon reconnection in the chamber, the baffle and magnet 
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ring would be grounded. Figure 43 shows the chamber top after completion of the modifications. 
This is the configuration to be used in future tests.  
 
Figure 43: Final Chamber Top Setup 
The configurations for each test are presented in Table 3 below. 
Property Test 1 Test 2 Further Testing 
Upper Magnet Ring Magnets exposed to 
electrons 
Magnets shielded from 
electrons; held at anode 
potential 
Magnets shielded from 
electrons; held at 
ground 
Lower Magnet Ring Magnets exposed to 
electrons 
Magnets shielded from 
electrons 
Magnets shielded from 
electrons 
Magnet Orientation Random Alternating poles Alternating poles 
Filament Baffle Absent Present and held at 
cathode potential 
Present and held at 
ground potential 
Table 3: Configuration Summary 
4.2 Results 
 
4.2.1 Plasma Generation without Dust 
 
The first two tests were completed without the introduction of dust or diagnostics. These 
tests were run to try to provide a baseline for future tests and ensure that the design did not have 
any unforeseen flaws. The measurement of the heater current applied to the tungsten element or 
cathode and the current from the anode to ground helped provide some useful information. The 
test consisted of varying one of three independent variables at a time: cathode voltage, anode 
voltage, and gas flow rate. By varying these parameters individually, it was thought that 
correlating each of the influencing parameters would be fairly straightforward, including 
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experimentally determining the thermionic emission current from the cathode. Unfortunately the 
device did not behave as predicted; instead, relatively sporadic results were obtained as shown in 
Table 4. For this test, the cathode heater current and gas flow rate were held constant while the 
anode voltage was adjusted. The anode current was measured and recorded. 
Anode Voltage 
(V)  
Cathode Heater 
Current (A)  
Anode Current 
(A)  
Gas Flow Rate 
(sccm)  
25  7.08  1.60  17 
27  7.58  0  17 
28  7.08  1.92  17 
32  7.08  2.28  17 
35  7.08  2.29  17 
38  6.87  2.40  17 
41  6.96  2.46  17 
45  7.55  0  17 
Table 4: Results from Test 1 
The anode current is not correlated with the anode voltage, as would be expected for this 
ion source. Instead, unpredictable currents were measured from the anode. Furthermore, during 
the test, a flash was observed that was believed to be an electric discharge to the vacuum 
chamber wall. Upon opening the chamber following the test, it was discovered that the mounting 
rails used to support the discharge chamber were not conductive. This meant that the discharge 
chamber was electrically isolated throughout the test instead of being grounded as expected.  
This grounding issue was corrected and slight modifications were made to the discharge chamber 
as described in Section 4.1.2.  These changes provided more repeatable results in the second test 
(Test 2). 
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For the second test, the anode voltage and gas flow rate were both held constant while the 
cathode heater current was varied in steps of 0.25 A. The anode current was measured and 
recorded. Table 5 shows the results of the second test both with the gas flow turned on and with 
it turned off. The results illustrate a definite correlation between the anode and cathode heater 
current when the gas flow is turned on. 
Table 5: Cathode vs. Anode Current for Test 2 (Anode Potential: 45 V, Gas Flow Rate: 17 sccm) 
Cathode Heater 
Current  (A) (Gas 
ON) 
Anode Current  
(A) (Gas ON) 
 Cathode Heater 
Current (A) (Gas 
OFF) 
Anode Current 
(A) (Gas OFF) 
3.07 0  3.95 0 
3.52 0  4.05 0 
4.05 0  4.51 0 
4.47 0  4.52 0 
4.76 0.001  5 0.002 
5.02 0.003  5.01 0.001 
5.22 0.005  5.51 0.002 
5.49 0.013  5.54 0.002 
5.77 0.019  5.99 0.002 
5.98 0.034  6.03 0.002 
6.25 0.055  6.49 0.001 
6.51 0.096  6.49 0.002 
6.77 0.165  6.97 0.002 
7.02 0.258  7 0.002 
7.26 0.39  7.49 0.002 
7.57 0.991  7.5 0.002 
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This correlation is clearly visible in Figure 44. 
 
Figure 44: Anode Current vs. Cathode Heater Current 
When the gas flow is on, there is definite marked increase in anode current as expected, 
although the anode current when the gas flow is turned off is abnormally low relative to the 
predictions made by the Richardson-Dushman equation. 
The Richardson-Dushman equation requires that the temperature of the emitting metal be 
known to predict the electron emission. For this experiment, it was possible to make an estimate 
of the actual temperature of the cathode by using a empirical correlation for the resistivity of 
tungsten as a function of temperature. Using the measured current and voltage supplied to the 
heater during the experiment, it is possible to obtain the temperature using the following 
algorithm: 
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First, the resistance of the filament is obtained from Ohm’s Law. 
𝑅 =
𝑉
𝐼
 
where 𝑅 is the resistance, 𝑉 is the voltage, and 𝐼 is the current. 
Next, using the basic geometric relationship for resistance, the resistivity is calculated. 
𝜌 =
𝑅𝐴
𝐿
 
where 𝜌 is the resistivity, 𝐴 is the cross-sectional area of the filament, and 𝐿 is the length of the 
filament. From this point, the following empirical relationship is applied to obtain the 
temperature 𝑇 [29]. 
𝜌 = 48.0(1 + 4.8297 × 10−3𝑇 + 1.1663 × 10−6𝑇2 
The lack of correlation between the predicted anode current and the measured current 
with the gas turned off may be due to uncertainties associated with this empirical relationship. 
If plasma were indeed being generated, there would be a cutoff voltage for the anode at 
which the current falls drastically as the plasma is extinguished. We tested this possibility by 
keeping the cathode heater current constant while decreasing the anode voltage. This behavior is 
suggested by the data in Table 6. 
  
Equation 33 
Equation 34 
 
Equation 35 
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Anode Voltage 
(V) 
Anode Current 
(A) 
42 1.05 
40 0.97 
38 0.88 
36 0.62 
34 0.51 
32 0.23 
30 0.19 
28 0.166 
26 0.138 
24 0.117 
22 0.094 
20 0.08 
18 0.066 
16 0.055 
14 0.044 
12 0.034 
10 0.026 
8 0.018 
6 0.011 
4 0.006 
2 0.001 
Table 6: Anode Voltage vs. Current with Gas Flow ON 
(Cathode Heater Current: 7.41 A; Gas Flow Rate: 17 sccm) 
Figure 45 is a plot of the data from Table 6 where a change in the characteristics of the 
behavior of anode current with the change in anode voltage can be seen. 
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Figure 45: Anode Current vs. Anode Voltage (Gas ON) 
(Cathode Heater Current: 7.41 A; Gas Flow Rate: 17 sccm) 
  
4.2.2 Dust Dispenser Calibration 
 
In an attempt to dispense the alumina dust particles into the plasma environment in the 
discharge chamber accurately, a small mass-offset motor was initially used to provide the 
vibration. Although the motor was small, powerful, and inexpensive, the motion of the dispenser 
was not linear. As discussed in Section 3.1.2, the nature of the vibration from the offset motor 
included unforeseen harmonics which varied based on many uncontrollable factors such as the 
motor mounting apparatus and screw torque. Data gathered using the precision balance were 
plotted to assist in calibrating the dispenser. The slope is the particle mass flow rate and can 
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directly be used to calculate the particles per second that enter the chamber given a particular 
voltage applied to the offset mass motor. As seen in Table 7, these values varied greatly and had 
no dependence on the voltage applied to the motor. 
Voltage 
Applied (V) 
Mass Flow 
(kg/s) 
2.01 2.37E-06 
2.012 2.75E-06 
2.074 3.21E-06 
2.251 2.88E-06 
2.252 2.44E-06 
3.014 3.47E-06 
3.063 2.63E-06 
Table 7: Motor Voltage vs. Mass Flow 
Since the hole size required to allow dust to flow when the motor is on, but not pour out 
of the hole when no agitation is introduced is so small, it is possible that the hole might have 
become clogged from clumps due to humidity during lab testing. Dips in a test run’s data plot 
indicate one of these clumps as seen in Figure 46. 
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Figure 46: Example Dust Calibration Graph Illustrating Clumping (Motor voltage: 2.25V) 
Following the redesign of the dust dispenser as described in Section 3.1.2, testing was 
repeated using the same test apparatus. In this configuration, the linear motion of the dust 
dispenser reservoir is provided by a pull solenoid which is switched on and off by a transistor 
connected to a signal generator. The mass flow rate for this dispenser setup is highly dependent 
on the frequency of the oscillation; consequently, frequency was selected as the independent 
variable. Results were much more consistent and linear from approximately 0.5 Hz to 10 Hz. A 
plot showing the linear dependence on frequency of the mass flow rate is shown in Figure 47. 
Clumping 
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Figure 47: Mass Flow Rate vs. Frequency for Redesigned Dust Dispenser (Solenoid Voltage: 5 V) 
Note also that the linear relationship breaks down for frequencies above 10 Hz. For such 
frequencies, the oscillation is too rapid to permit any additional flow of dust to occur. Further 
discussion of the final configuration of the dispenser, including linear regressions for the mass 
and particle flow rates, is given in Section 3.1.2. 
4.2.3 Probe Positioning System Calibration 
 
As described in Section 3.1.1.1, the LabVIEW VI constant (1/3200) needed to convert 
the commanded number of inches to a number of steps that can be sent to the stepper motor 
controller was determined experimentally. A trial and error process was used wherein various 
constants were tried and the number of revolutions of the motor counted until the motor 
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produced one turn per inch. To adapt this general case to the threaded rod actually used in this 
experiment, the constant 1/3200 was divided by the 20 turns per inch for the Acme-threaded rod. 
To evaluate the hysteresis characteristics of the probe positioning system, three complete 
cycles of motion into and out of the discharge chamber were commanded, one inch at a time. 
After each one-inch motion, the actual position of the sliding probe plate was measured using 
digital calipers (Mitutoyo model CD-6” CS). Figure 48 shows the actual vs. commanded position 
of the probe. It is clear from these data that the stepper motor has a very high repeatability. For 
the purposes of this experiment, this accuracy is more than sufficient. 
 
Figure 48: Hysteresis for Probe Positioning System 
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4.3 Discussion 
 
The results of Test 2, described in Section 4.1.2, show a definite correlation between the 
anode and cathode heater currents and a marked change when the gas flow is initiated. The only 
plausible explanation for this phenomenon is that an argon plasma had been generated in the 
discharge chamber. Furthermore, extinction of the plasma is apparent as the anode potential was 
reduced; the plot of anode current vs. anode potential in Figure 45 shows a definite change in 
slope at approximately 34 volts and corresponding rapid decrease in anode current. This is 
consistent with the loss of the additional current supplied by the plasma discharge. 
4.4 Conclusions 
 
The results of the limited testing that was accomplished during this MQP support the 
design of the dusty plasma discharge chamber as being capable of sustaining a discharge of an 
argon-based plasma. This represents the addition of a valuable new piece of research hardware 
that will be available for use by undergraduate and graduate student research projects in the 
future. The progress made during this MQP resolved the vast majority of remaining issues with 
the discharge chamber and its associated instrumentation. As a result, the project is ready to 
transition from a focus on hardware development and troubleshooting to one placing more 
emphasis on active research. 
4.5 Recommendations for Further Study 
 
Experience with this research project has provided valuable insight into several areas of 
the design which could be improved in subsequent iterations. Furthermore, the basic design 
created by the two MQP groups is designed to be extensible. Future research projects could use 
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alternative sources of contamination or additional instrumentation to explore other questions in 
plasma physics. 
The most troublesome component on the discharge chamber is the system used to attach 
the chamber to the rails. The use of the four, ¼-inch carriage bolts creates a situation in which 
there are too many degrees of freedom. Each carriage bolt can be adjusted individually, and it is 
difficult to maintain parallelism of the rails while still allowing the chamber to slide in and out 
easily. The carriage bolts also have raised lettering which prevents them from being inserted 
easily in all but one orientation. Some method of locking the position of the carriage bolts or an 
entirely different attach mechanism, such as a clamping system, would alleviate many of these 
issues. 
It has been the experience of this project group that the ceramic washers used as part of 
the feedthrough assemblies for the anode and cathode power supplies are prone to failure. This 
typically occurs on the inside of the chamber closest to the filament. Consequently, it is believed 
that differences in rates of thermal expansion between the ceramic and the steel components that 
surround it may be responsible for this damage. Upcoming tests will be performed without one 
of the steel washers to evaluate whether any improvement is noted. The feedthrough components 
are shown in Figure 49 (with one washer removed) and Figure 50 (all components present). 
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Figure 49: Feedthroughs integrated with top of discharge chamber 
 
Figure 50: Disassembled feedthrough showing ceramic and steel washers 
Installation of the discharge chamber assembly into the VTF is made difficult by the need 
to maintain parallelism of the vertical support rails. The method used to attach these rails 
together introduces significant flexibility that can cause the assembly to jam as it is being slid 
into position on the tracks in the VTF. This situation could be significantly ameliorated by 
adding two horizontal rails at the bottom of the support structure to increase its rigidity. 
During testing, the current design lacks any means of collecting the dust that falls through 
the discharge chamber and out through the grid at the bottom. This means that additional cleanup 
of the VTF must be performed between runs of the experiment, and there is no means of reusing 
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dust. An improved version of this experiment would incorporate a method for collecting dust 
after it has been dispensed. 
Finally, the source of contamination can be easily varied because the attachment for this 
system was designed to be modular. Other possibilities that could be readily adapted for this 
experiment include different sizes and distributions of dust particles, which could be 
accommodated simply by replacing the dust dispenser cap with one having a differently sized 
exit hole. Furthermore, it would also be possible to evaluate the effect of the plasma environment 
on liquid droplets; these could be produced using an electrospray device designed to be 
integrated on the discharge chamber in the same fashion as the dust dispenser. 
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Appendix A: Parts and Suppliers 
 
Description Part No. Supplier 
Aluminum Bar Stock 5207436 MSC 
5/8" Ceramic Standoff 94335A117 McMaster Carr 
#10 Ceramic Flat Washer 94610A230 McMaster Carr 
Comfort Grip Pin Vise 7112A2 McMaster Carr 
.0019" Micro-Drill bit 8904A11 McMaster Carr 
1/4"OD 0.21"ID 12" Seamless Stainless 
Tubing 9773T111 McMaster Carr 
.094"OD .025"ID 18" Double-bore 
Alumina Rod 87175K71 McMaster Carr 
.015" stainless mesh 52429339 MSC 
12VDC Open Frame Pull Solenoid 74097965 MSC 
1" compression springs (10pk) 5368097 MSC 
ZWS-10-5 - Switch Mode Power Supply 72K1611 Newark 
100 Series Shell Case 01J2391 Newark 
BNC RF/Coaxial Connector 39F3130 Newark 
Flanged RF/Coaxial Connector 01F2204 Newark 
Aluminum Box 83F8927 Newark 
BNC bulkhead connector 79K4997 Newark 
BNC male connector 89F746 Newark 
Red Banana plug 79K5004 Newark 
Blue Banana plug 79K4831 Newark 
Black Banana plug 79K5007 Newark 
Green Banana plug 79K4875 Newark 
Stepper Motor 237631 Jameco 
 
